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PREFACE 


The free piston gas generator is a promising and newly 
developed prime mover. The potentialities of this new prime 
mover are such that extensive research and development studies 
are clearly warranted. 

Thus the author, in considering a thesis in partial ful- 
fillment of the requirements for a degree of master of science, 
saw an opportunity to pursue a stimulating and interesting study 
of a new thermodynamic device. 

In assisting him to accomplish his aims the author wishes 
to express his appreciation for the guidance and suggestions 
of Professor A. L. London of the Mechanical Engineering Depart- 
ment at Stanford University. 

The author also wishes to thank the staff and faculty of 
The United States Naval Post Graduate School at Monterey, 
California for technical assistance and aid in preparation of 


the thesis. 


L. A. Welge 


June 1952 


(ii) 





TABLE OF CONTENTS 


Certificate of Approval 

Preface | 

Table of Contents 

bigt of Illustrations 

Table of Symbols and Abbreviations 
Summary 

Previous Investigations 

Objective 

Bquipment 

Procedure 

Discussion 

Conclusions 

Recommendations 

Bibliography 

Appendix A = Design Calculations and Data 


.ppendix B = Inherent Characteristics of the 
Lultiple Gas Generator Turbine Prime Mover 


Apoendix C - Applications Indicated for the 
Multiple Gas Generator Turbine System 


Appendix D - Thermodynamic-dynamic Analysis 
and Affinity relations for the Gas Generator 


(444) 


(i) 
(ii) 
Gia 
(iv) 
(v) 


14 
15 
aby 


i 


08 


66 


ie 





LIST OF ILLUSTRATIONS 


TABLES 
Table of predicted and actual test results of S.1.G.M.A. GS34 
Gas Generator 
Table of S.I.G.M.A. GS34 Gas Generator data 
Table of prime mover characteristics 
CURVES 
Curve N = F Wexp) 
Piston force stroke curves 
Net piston force stroke curves 
FI GURES 
The free piston system 
S.1.G.M.A. GS34 Gas Generator longitudinal sections 
S.I.G.M.A. GS34 Gas Generator assembly view and transverse 
section 
S.I.G.M.A. GS34 Gas Generator assembly view 


The Spring-mass analogy for the free piston system 


(iv) 





TABLE OF SYMBOLS AND ABBREVIATIONS 


English Letter Symbols 


A 


A/P 


a 


piston (cylinder) cross-sectional area, ft* 


Air-fuel ratio in engine cylinder, lbs air 
lbs fuel 


acceleration, ft/sec® 

specific heat at constant pressure, Btu/1b°F 
percentage valve pressure drop, percent of Phe 
cylinder bore; in, ft 

energy, Btu/lb, Btu/-wor ft/lb, ft#D 
percentage friction loss referred to the compressor 
cylinder work requirement 

cycle frequency, mw /min 

force exerted by gas on piston, # 
proportionality factor in Newton's Second Law 
(1b/#) (£t/sec®) 

enthalpy, Btu /lb 

isentropic exponent, dimensionless 

piston length: in, ft 

molecular mass, 1b/mol 

piston mass, lbs 

polytropic exponent, dimensionless 


pressure, #/in“abs 


(v) 





p - 
Pp. oo 
@. Les 
Qcew - 
ie ees 
a 
“a 
shp - 
P= 
Wk - 
w - 
0 
oe {es 
x - 


Pressure ratio, dimensionless 

relative pressure function, dimensionless 
chemical energy to thermal energy conversion by 
combustion, Btu/lb 

heat transferred to cooling water, Btu/1b 


gas constant, 1545 __f 
1b.mol°R 


volumetric compression ratio, dimensionless 
stroke, piston displacement, in. 

shaft horsepower 

temperature,°R or OF 

work, Btu/lb, Btu/,o or ft/lb, ft#/,) 

flow rate, lb/hr or 1b/~s 

velocity, ft/sec 

specific volume, £t°/1p 


distance from piston extreme position (IDC), in 


Greek Letter Symbols 


é - 


7) 
au 


ratio of “modified engine expansion work to Otto 
cycle expansion work, % 

density, 1b/ft® 

efficiency, % 


piston travel time, sec. 


Miscellaneous 


lb denotes pounds mass in distinction to 


# denotes pounds force 


(yi) 








SUMMARY 


It was desired to investigate the unique thermodynamic-dynamic 
features, the inherent characteristics, and the potentialities of 
a new type prime mover, the free piston gas generator. In partic- 
ular it was desired to test and evaluate a recently proposed gas 
generator method of significance. 

It was found that use of the proposed method led to accurate 
design results in a practical test and that the method was flexible 
and broad in possible application. The primary limitation of the 
method was the necessity of predicting thermodynamic properties 
of the engine cycle with good accuracy. 

By investigating the inherent characteristics and potential- 
ities of the prime mover, it was found that the most suitable use 
of the machine will be where heavy Diesel engines with complex 


clutching and transmission systems are presently used. 





PREVIOUS INVESTIGATIONS 


Tne present development of this interesting new prime mover, the 
free piston gas generator, has largely been due to the efforts of R. 
de Pescara and his associates. As a result, a free piston gas gener- 
ator has been recently produced which has proven to be successful in 
actual application. 

This is no mean achievement, since twenty-five years of research 
proved necessary at a cost of over a million dollars. One can realize 
how promising this machine must have been to have warranted such an 
investment. 

Once the Pescara concern (S.1.G.M.A.) announced the production 
of an operational machine, considerable interest was arroused in the 
industry. A number of investigations were launched, several sponsored 
by departments of the United States government. 

Unfortunately, several investigations in this germ Bec aimed 
at developing high output machines for special purposes. These aims 
were not realized, and the free piston gas generator earned an un- 
deserved reputation in certain quarters. However, the office of 
Naval Research sponsored a research project at Stanford University 
which resulted in the publication of the first full and significant 


report written to date in this country on the subject,of free piston 


% 


gas generators.® 


In the above Office of Naval Research Report, the authors 
developed a free piston gas generator design method based on a thermo- 


dynamic-dynamic analysis of the Pescara type machine. 


* Oppenheim and London (1) 








In addition, the authors demonstrated the usefulness of affinity 
relations in design and analysis problems. 

Reading from a paper? based on the above report, Professor A. K. 
Oppenheim presented the author's findings to a meeting of the A.S.M.E. 
at Seattle, Washington, in March of 1952. 

Dr. G. Kichelberg of the Federal Institute of Technology, Zurich, 
Switzerland, has closely followed the Pescara development of the free 
piston gas generator. Dr. Bichelberg published a paper including the 
first comprehensive and authorative test results of a free piston gas 
generator ever published,» and it is therefore of considerable signifi- 
cance in the progress of development of this new prime mover. 

A recent contribution to the literature is the work of R.E. 
Adams.© Unfortunately, this work is classified and cannot be dis- 
cussed. It is hoped that at some later date the report will be 
released so that it may receive the wide consideration it deserves. 

In addition, for a comprehensive background in the field of 
free piston machinery, a further number of works on associated sub- 
jects should be consulted.¢ 


@Qppenheim and London (2) CAdams (13) 
oRichelberg (3) dpi bliography 





OBJECTIVE 


It was the objective of the thesis to test and evaluate a free 
piston gas generator thermodynamic-dynamic design method which was 


recently proposed in the literature.* 


“Oppenheim and London (1) 








EQUI PMENT 


For the purpose of making a comparison between actual performance 
and the performance predicted by means of the method under test, a 
S.I.G.M.A. GS34 free piston gas generator anda hypothetical eighty- 
five percent efficient turbine were selected. Data and actual test 
results were available for the S.I.G.M.A. machine and it was represent- 
ative of the present development of successful gas generators. 

Various sectional and assembly views of the GS34 model gas gener- 


ator may be seen in Appendix A. 





PROCUDURE 


Characteristics found by trial of an actual machine were compared 
to the predicted characteristics determined by means of the subject 
metnod ani the use of only those data normally independent in the de- 


sien problem. 








DISCUSSION 


INTRODUCTION 


The symmetrical free piston system consists of an opposed piston 
uniflow two stroke cycle Diesel engine which provides the energy neces- 
sary to drive associated reciprocating compressors. 

In contrast to conventional reciprocating machinery no linkages 
couple the engine and the compressor. In fact, apart from piston 
phasing control linkages the main moving parts - the two pistons - 
are independent of mechanical restraints and from this characteristic 
is derived the name of the system. 

The free piston system has two fundamental applications. As a 
free piston compressor, the useful output of the machine is compressed 
air, As a free piston gas generator, the useful output is high temper- 
ature compressed gas for use in a non-condensing turbines. 

For the compressed air application the engine is provided only 
with sufficient compressed air for scavenging, and the engine 
exhausts at atmosphere pressure. For the gas generator application, 
the engine operates at the high supercharge of full compressor output 
pressure. The engine exhausts to a turbine at only a slightly lower 
pressure. All compressed air passes through the engine as a4 com= 
bustion medium, a coolant or a scavenging agent. The two applications 


are shown schematically in figure one. 
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Because of its inherent characteristics, its potentialities 
and its unique thermodynamic-dynamic features the gas generator 
application is particularly interesting. The inherent characteristics 
of the gas generator are considered in Appendix B, the potential 
applications of the gas generator in Appendix C, and a thermodynamic- 
dynamic analysis in Appendix D. 

PURPOSE OF THESIS 

There is a growing industrial interest in the gas generator 
with several companies actively engaged in research or production 
in this country and abroad. But the fundamental design and analysis 
problem has not been previously considered in the literature. Because 
the problem is unique and complex it may be presumed the lack of such 
information limited practical development and exploitation of the gas 
generator. Thus the recently proposed Oppenheim-London design method 
was @ Significant contribution. 

The proposed design method was developed as part of a naval 
research project. In the report of findings the method was verified 
by comparison of actual gas generator characteristics and character-~ 
istics predicted by means of the design method, But numerous machine 
data were assumed and thus the verification was less conclusive than 
might be desired. 

Accordingly, the purpose of the thesis was to test and to eval- 


uate the proposed design method. 





PROCEDURE 


The S.1.G.M.A. GS34 model gas generator was selected for the test 
vehicle since all important data® and actual trial results? were avail- 
able for this machine, and it was typical of the present gas generators 
ime pLOoductL on . 

In Europe it is customary to consider the isentropic power of 
such devices as the gas generator. Thus the results of the test on 
the actual generator made in France were given on the basis that an 
isentropic turbine was part of the gas generator system.©° In this 
country this is not a common procedure and some confusion might re- 
sult, so the results of the actual gas generator trial as given were 
modified to include a turbine which had an adiabatic efficiency of 
eighty-five percent. The actual gas generator trial results as 
modified were then compiled and tabulated. 

The characteristics of the gas generator turbine system were 
then predicted by means of the method under test using only the actual 
machine data which would be normally independent. The predicted re-- 
sults were compiled and tabulated for ready comparison with the actual 
engine trial results. 

The intake air temperature and pressure existing at the time of 
the machine trial were not known. Also several critical engine thermo- 
dynamic~data had to be predicted, a requirement inherent to the subject 


design method. The data which required prediction or assumption are 


considered in Appendix A.4 
8Table of Data CRichelberger (3) 
btable of Results da general discussion may be 


found in Oppenheim-London (1) 
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FINDINGS 

When the known trial results and the results predicted analyti- 
cally by means of the subject method were compared it was found that 
there was no significant disagreement between comparable items .? 

It may not be concluded that in all cases the method in question 
will yield precise results without modifications in idealizations. 

But it is certain that good results may be expected from design of a 
machine which is not radically different in character from the S.1.G.M.A. 
GS34 machine, 

EVALUATION OF METHOD 

The subject lends itself to ready solution of design and analysis 
problems to be found in the field, as the assumptions and idealizations 
may be readily modified at the discretion of the designer to suit re- 
quirements. With the affinity relations incorporated? the sub ject 
method is further broadened in possible application, 

However, the method has certain limitations. Design results are 
sensitive to the thermodynamic conditions specified to exist in the gas 
generator engine. In predicting these conditions advantage may be taken 
of experience in the field of supercharged uniflow opposed piston Diesel 
engines. However a modified Otto cycle is specified, and the corres- 
pondence between conditions in a Diesel engine and a gas generator 
engine is not entirely direct. Thus a certain facility 1s necessary to 
accurately predict the thermodynamic conditions in the gas generator 


engine. But this requirement will not always pertain, for as test data 
@veximum discrepancy was 1.8% bappendix D 


Ld 





of various gas renerators are accumulated and correlated, an empirical 
method of prediction of thermodynamic engine conditions will be practi- 
cal and convenient. 

In contrast, results are not sensitive to poor estimates of valve 
pressure drops, frictional characteristics, or to be idealizations 
concerning the gas medium. For example, it has been shown in one case& 
that doubled valve pressure drops caused fifteen percent changes in 
engine piston area and less than eleven percent changes in other vari- 
ables effected at all. 

In problems in which affinity relations are employed, it is to 
be remembered that the validity of results is predicated on a constancy 
of thermodynamic conditions. Thus if it were desired to design a gas 
generator of a partial horsepower rating from data of the 1000 horse- 
power S.1.G.M.A. GS34 model, there would be little guarantee that by 
using affinity relations satisfactory results could be achieved; it 
is certain that the thermodynamic conditions would differ materially 
in the two engines. 

In solving a design problem using the subject design method, 
certain results are not determined without considerable and tedious 
calculation; notable are the calculations involved in finding the 
cyclic frequency. 

If a loss of accuracy may be tolerated, the calculation of cyclic 
frequency may be greatly simplified by assuming that net piston forces 
may be represented by equivalent linear spring type forces. The de- 


signer will be able to tolerate some inaccuracy in the prediction of 


“Oppenheim and London (1) 
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cyclic frequency provided that in the actual machine the weight of the 
pistons may be modified within sufficiently broad limits to fix the 


cyclic speed at desired values. 
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CONCLUSIONS 


A. The Oppenheim-London gas generator design method was conclusively 
verified by test. 

B. With affinity relations incorporated, the design method is flex- 
ible and broad in application, adaptable to design and analysis 
problems to be encountered in the field. 

Ce Design results are sensitive to the thermodynamic conditions 
specified to exist in the gas generator engine, but not to 
estimates of valve pressure drops, frictional characteristics, 


or to idealization of the properties of the gas medium. 


14 





RECOMMENDATIONS 


Because of the machine's important potentialities® ana because 
little essential experimental research has been attempted to date, 
the following work is suggested. 

ENGINE WEAR RESEARCH - Research on gas generator engine wear would 

be valuable, Whatever ingenuity is practiced in design, as gas 
generators are desired to be more efficient and powerful, the engine 
wear problem will remain a primary consideration. In this regard, 
Since the piston is essentially a projectile, applicable findings of 
the many .investigations in the field of interior ballistics might prove 
of value, 

RESEARCH ON FUELS - Study of fuels and injection techniques would be 
rewarding. Faster burning is desirable, provided destructive load- 
ings and temperatures are not exceeded, In addition cheaper fuels 
are Heian with evidence already supporting a successful util- 
ization. 

STUDY OF PHYSICAL ARRANGEMENTS - Study and trial of various promising 
physical arrangements and modifications would be rewarding. For 
example, the aleaneetn of the separate bounce cylinder has been 
proposed, the machine to pane on the principles of the Junkers 
type free piston compressor. 

STUDY OF NON-LINEAR BOUNCE SYSTEMS - Provided stabilization is 


possible, a bounce system with radically non linear Spring character= 


istics would result in relief of peak temperatures and pressures 


“Appendix B and Appendix C 
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more rapidly and could support higher cyclic speeds, An appropriately 
ported bounce cylinder which results in a rapid build up of bounce 
pressures only at the end of the piston stroke is an example of the 


possible arrangements. Study and experiment might well indicate the 


feasibility of such systems. 
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TABLE OF PREDICTED AND ACTUAL TEST RESULTS 


S.I1.G.M.A. GS34 GAS GENERATORS 


Predicted 
Item Units Results 
Gas delivery Temperature 
Tor tur bine dent 1416 
Gas delivery pressure 
to turbine lo sable 64,9 
Net power output from 
turbine hp. 1138 
Gas flow rate lbs/hr . 28900 
Fuel rate lbs/hr . 456 
Plant thermal efficiency To 39.0 
Engine indicated thermal 
efficiency Io 29.8 
Turbine adiabatic efficiency % 85.0 
Engine cycle thermal 
efficiency (Otto cycle basis) % 47.4 
Cooling system losses % 19.4 
Engine cyclic rate nin . 613 
Engine-compressor air 
weight ratio - 0.514 
Engine air-fuel weight 
ratio = 52 
Specific fuel consumption 1bsh hp hr, 0,401 
Air delivered per cycle T'S 6 0.586 


“From reference three adjusted for turbine performance. 
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Actual® 
Results 


1405 


64.5 


1138 
29000 
460 


04,5 


Coae 


85.0 


47.4 
1o34 


613 


OF eile 


32 
0.404 


0.588 





TABLE OF S.1.G.M.A. GS34 GAS GENERATOR DATA 


I tem Units 
Top engine cycle temperature deg. R 


Gas inlet temperature to 
compressor deg. R 


Bounce cylinder gas mean 
temperature deg. 


Engine top gas pressure P.B%1.8. 
Bounce cylinder gas 
pressure at end of 


expansion PpoS.1.a. 


Compressor inlet gas 
pressure PoSol.&. 


Valve effective pressure 
losses To 


Piston solidity % 
Friction work loss per 

stroke, including 

auxiliary load I 


Expansion stroke efficiency I 


Friction heat loss to cooling 
waver, percent of total 


frictional losses % 
Compressor piston clearance To 
Total piston length ins © 
Engine Piston length ins. 


“Items not reported or othere- 
wise available, 

From manufacturer courtesy 
Professor A.L. London 


Al 


Used in 
Analyses Actual 
2340 .* 
540 z 
500 500° 
1091 108m 
26.45 ' 296,45) 
14,7 é 
5.0 a 
24.5 24,1» 
6.0 6.0> 
77.4 i 
47.0 - 
14.0 14,04 
49.0 49.0 
38.0 38.0 


“Not reported whether absolute 
or gauge pressure. 

scaled from plan with allow- 
ance for valve recess volumes. 





TABLE OF S.1.G.M.A. GS34 GAS GENERATOR DATA (Cont.) 


Item 


Compressor piston length 
Engine effective stroke 


Piston stroke at test 
condi tions 


Piston weight 


Compressor-engine piston 
area ratio 


Engine-compressor air 
weight ratio 


Engine piston area 


a 
From manufacturer courtesy 


Professor A.L. London 


aa 


Units 


ins. 


ins. 


ins. 


Les 


RG. it. 


Used in 
Analyses 


11.0 


Cart 


eo 


TT10 


Do 86 


0.914 


On gcc 


Actual 


leao 


atch 


apace) 


OO. SrG 


Oe SH, 





EVALUATION OF UNKNOWN DATA FOR S.1.G.M.A. 
GS34 GAS GENERATOR TEST 

GAS INTAKE TEMPERATURE - The machine was tested in March, near Lyon, 
France, The value of temperature was assumed to be 540 degrees 
Rankine. The effects of error within possible limits are minor. 
GAS INTAKE PRESSURE - The machine was tested near sea level. The 
Proseure was assumed to be 14.7 p.s.i.@. The possible error will 
Met effect results. 
VALVE PRESSURE DROPS - Taking advantage of experience in the field 
of compressor design, the valve pressure drops were assumed to be 
five percent. It was learned from conversation that the manu- 
facturer found seven percent pressure drops in actual test. Such 
a difference does not effect results to any extent®, 
TOP CYCLE TEMPERATURE - In appraising the value recommended previ- 
ously®™, advantage was taken of experience in the field of supercharged 
frtitlien diswed engines. Due consideration was given to the fact that 
the initial phase of combustion is extended because of the more rapid 
expansion stroke, and a modified Otto cycle was predicated in the case 
of the gas generator analysis. 

It is felt that the value assumed, 2340 degrees Rankine, is 
accurate to S00 degrees. It is to be remembered this temperature is 
an effective one consistent with the idealization of a modified Otto 
cycle approximating the actual engine processes. While a critical 
item, an error of 250 degrees in the top cycle temperature does not 


effect results critically. 
a 
Oppenheim and London (1) 
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EXPANSION STROKE EFFICIENCY - From considerations of a similar nature 
to those outlined on the preceding page, the previously recommended 
value® of 77.4 percent was accepted. 

FRICTION HEAT LOSS TO COOLING WATER - This item is concerned in the 
heat balance. The heat balance was of little interest in the Oppen- 
heim-London method so the friction heat loss to the cooling was 
determined as 47 percent by inverting the problem. Normally, the 
Ree tionad loss to coolant would be predicted by usual means, and 
then by the heat balance the total coolant heat loss could be deter~- 


mined, 


“Oppenheim and London (1) 
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DESIGN CALCULATIONS BY THE OPPENHEIM-LONDON DESIGN METHOD 


I, COMPRESSOR CHARACTERISTICS (per 1 lb. of air delivered/cyl. x cycle) 


A. Basic Idealizations 
1. Equation of State of air: 
Perfect Gas with const. specific heat capacities. 
2. Leakage: zero 
5. Polytropic exponent for air compression and expansion: n= 1.355 
4, Valve pressure drops: for inlet: d,= 5% of P, 
for discharge: dp= 5% of Pz 
B, Independent variables 
l. Pressure ratio: Pp/Po= 4-85 
20 Stroke length: s,=17.9 ins. 
3, Clearance: c®14% S,= 2.446 ins. 
4, Intake state: P,= 14.7 f/in? aise tg = 940-8 
5. Delivery state: Pps 71.3 ft/in® abs. 
C. Basic Relations 
1, Mermodynamic properties of air: 
Ze 53.3 ft #/lb OR and k= 1.40 


D. Dependent variables 


l. Pressure at state () & (4), 


Peer aed |) Po ts o6 reise ae 
2. Temperature at state () & (4); 
T= T4= IT, = 540 deg. R 


5. Sp. volume at state (1) (4): 


vyevg = R Tz 0,37@) 


Ce) 
m Py CG) 


29 


14,3 rt°/1bd 


oe 


IG 


ee 


Pressure at state (2) & (3) : 
je 


Ie = lak = ees) oe = (gore | Diesiol coe 
once 


Specific volume at state (2) & (3). 
: 1 


n 1.35 


1g 
Vg =V3 =v (EB) -@) 5 = 4.11 £t°/Lb 


Temperature at state [2] & [3} 


Je 

9 Vv 

To=Tz = - 4)x & = 835 deg. R 
R 0.570 
m 





Stroke position at state (1): 
Sis So + Ss = 19.946 17Si¢ 


Stroke position at state OF 
s, 2 ee (7) x 9 = 5G i 
Oo) = “17 = ° ImWS «6 


Stroke position at state 8 

Sz =sc — 6.446 ins. ins. 
Stroke position at state @): 

S, = 3% 4 =(9® G) = 8,53 A tS'< 
Piston Areas 


Vv 1728 
fs eee - = (3) - 2160 in®/ lb airdel,. 


Ss} 7 S4 ~ (D- @®) 
Coordinates of the Indicator card and the force-stroke diagram; 


1.35 
Pvt = Pyvy 1.55 =(1) x (3) = 9506.9 £t°f/in® lb air 


26 















mello. 95 Wooeoo 14260 
State 


@,@ 
40 


12.67 


bo wiloed4.« 
: 
i 





@G) Wet. \\Gane 


State 


Avge 


13. “Work of polytropic process G) - (2) and (3) - (4) per tee to 3! 


STE a tev lamer ¢ 


M2 - "34> —-(Pav_-F1¥)) ee _& x@)-@x@:> 





af 


Gmoox1 15 
57.2 stu/lb air 
1456 Bess of air for process G) = (2) 
5 ~ 
i> = 1S Sen 745 lb/lb air del. 


Siee4 i =(to 


15, Mass of air for process G) - Ge 


W342 3 = (2) = (14) - 1 = 0.7495 lb/lb air del. 
s2-83 (8) - @) 


16. “Work of exhaust process [2 | - {s |: 
NOR = Fo (s2 -83) (2) @ = ols e Btu/1b Giclee 


12x77 8 


ot 


lige 


Lehr 


19. 


20 o 


Work of intake process (4) - (a) : 
Wa = Fy(sy-84) = = 36.9 


SS SS 


12x778 
Work of compression stroke (1)- é@) - G): 
Woompr. = WiaWig +3 = 04) x GS) +(d= 197.5 
Work of expansion stroke: (3) - (4) - Qi): 
Wexp. = W34W34 + Way = (5)x @3)+@D = 79.6 


Compressor cycle work: 


We = Woompr. m Wexp = - Qs) - lisa 
CHECK : 
We = —1_(Pve-P)v) = 1.35 x Gs) = 17.9 





n-l 
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BTU/1b 


BTU/1b 


BIU/1b 


BTU/1b 


BTU/1b 


aor 


air 


air 


air 


air 


del. 


del. 


del. 


del, 


del, 





II, ENGINE CIIARACTERISTICS (per 1 lb. of air del./cyl. x cycle) 


A. Basic Idealizations 


Ce 


ls. 


rape 


4. 


De 


6’ 


le. 


Zo 


30 


4 


i, 


Zo 


Equation of state of air: Perfect Gas with const. sp. heat 
capacities 


Basic Otto cycle: "Effective" isentropic exponent k = 1.30 
gud @ © input corresponding to fuel: air ratio x LHV of 

fuel. 

Engine cycle: modified Otto cycle defined as follows: 

a) compression stroke the same as for Otto cycle. 

b) thermal energy input the same as for the Otto cycle of (a) 
c) Expansion work equal to 77.4% of the Otto cycle exp. work 


ad) Max, temperature fixed at 2340° R. 


e/) expansion stroke: a polytrope with a magnitude of n 
satisfying condition (c). 


Friction work per cycle: 12% of compressor work. 
Valve pressure drops: d = 5% of P for each port passage 


Engine intake temp. equals comp. exhaust temp. 


Independent variables 


=f — 
t~ 


Aire-fuel ratio: f = 32 


“Effective” stroke: s. = 9,7 in. 


Compression ratio: r, =8.5 = 1 


Cc 


Lower heating value of fuel: LHV - 18,200 Btu/1b. 


Basic Relations 


Thermodynamic properties 


B | 


R 
= 53.3 ft #/1b°R; ¢, = hh 


ie AO, 
kel ° 


k 


Wi eng net =", compr net aise friceron tous. 


ao 


D. Dependent variables 
1. Pressure at state(1): 

Py =(.3.5) (l-d) = 67.7 
2. Temperature at state(1): 


aT 5 73 comp +0. 9 Se 
oo op. Volume, at state(1) & (4): 


vy=R O @ - 
m P) [44 Ty - 4,57 
4. Pressure at state(2) : 
Po=P, rq =(1)x @® = 1091 
0. Specific volume at state(2) & @): 


S - ‘1 -&%) 
va -v3 *—- = 0.5375 - 
ae 


6. Temperature at state : 


P 

1222 2=144f4)x6) - 

3 = eae oe = 1584 
R/m ee 


7. Specific heat capacity at const. volume: 


C.= R/m = = 0,2284 
k-1 1)x778 
8. Thermal energy addition for Otto cycle: 


q = Liv = = 7568.0 


9. Temperature at state(d : 
t= 9 we 2d (6) 4 (8) _ 
Ze a = 
%) Gy ab) 40770 
10. Thermal efficiency of Otto cycle: 


e = = = 
Otto -1 ae ee 0.474 
Cc 


ll. Work of compression: 
Wkj).2 me Cyle x Sotto (7) x (0) x(6) Sls 
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PeSsl cd 


deg. R 


tt°/1b 


Dire ol oe 


£t"/1b 


deg. R 


BTU/1b, deg. R 


BIU/1b, eng. air 


dee. k 


BTU/Lb eng air. 





12. Work of expansion: 


Wkergr = €exClyTzeort, (1.3) x(x @x(00F 34] BTU/1b eng. air. 


13. Engine net work: 


if? — = ie a B 
W ene ~ Wenp exp Neng compr =a) (1) = Isis) 5 BTU/1b eng. alr 


14, Ratio of eng. air/compressed air delivered: 


W = (14(r)) “compr net =f, +(44)/G.0.20 
se ee 


0,514 lb. eng.air/lb air del 


wv 


15. Piston Areas 


Be is So ee 
eff. stroke & clearance — 8 = aes 1) 
s, x (Fc) 
c (re - 1) 
(4)x@= ooo er air del, 


16, Polytropic exponent of expansion a ond : 


neo] 2 a 


Wexp = 160.4 (—, Byal ~ BTU/# eng ai 
Pp o gaa. 
son 


ee 
! — ce aa Vexp 
re 
== | 


13050 O. = sed } Ola Oe 989357 0. a 347 43 


[1.0070 0.007000 | 1.015093 | 0.985135] 0.014865 | 340.62 








+e) 
8 
— 


From curve n = stags] flor Wexp = (2) = $4] BTU/1b eng air. 


17. Pressure at state (3') : 


R T 
Pa, = = EDG.3) - 1611 PoSolc&o 
m V3 144 oO) 
NG> igteals PLSLON position : 
Sq = Se = Be = : 
nom | -~ 1.293 ato tte 
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e19 Coordinates of the indicator ecard and the force stroke diagram. 





h 

















Pexp str. 





E F 


ae Piston Position 
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10°#/lb air del. 








1071b air del. 








ins. from ¢ 





Lf 


33202 912.0 





7° | Gs) /1..293 1.000 1.000 1.000 1093 1612 403.0 59467 








CoeeWome of Compression stroke: 


Wong compr = Weng M12 + Fi(se = 81) 


it 


Sule ce 


21. Work of expansion stroke: 


Wong esp =Wy3iq #F) (sg - sy) 


>) 


1(Orx lc 
- 196.3 


21. (a) Net work: 
aw =@1)-(@0) = 87.2 
Checks 


af a eGaDem 


22. Indicated Egenat efficiency 


Cy = cous 7 @1) - 


Wair eng * 4 (4)x@® 


© 


4] 


= 0.298 


25. Indicated engine efficiency: 


Seng =) = .050c0 
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Btu/lb air del. 


Btu/1b air del, 


Btu/lb air del. 


Btu/lb air del. 





III. BOUNCE CYLINDER CHARACTERISTICS (per 1 1b of air del/cyl. cycle) 
A. Basic Idealizations 


l. Equation of state of air: Perfect gas with const. sp. heat 
capacities 


2. Leakage: zero 
3. Polytropic exponent for air compression and expansion: n= 1.40 


4, Friction work fraction per stroke =i (Friction work fraction 
per cycle) = 0.06 2 


5. Wk bounce compr = W, bounce exp. and 
F(x) bounce compr. = F(x) bounce exp. 


B. Independent variables 


1. State at start of compression: 


ae Pl} SHS 2us De Stiae 
De any = 500 OR 
Cia S. = ites In 


* e e a 
2. Piston area relative to compressor cylinder: 


1,008 Ap = 1.021 A, + Ag = 1.021 9 (1) 4 @ Dis) 


5 
AR = 2557 in? 


C. Basic Relations 


1. Thermodynamic properties of air; 
= = 53.5 ft #/lb Rs k 21.40 


2. W, bounce compr = Wy bounce exp. 


=W, eng exp stroke +W, compr exp stroke 


- Wy, fr per stroke 
=W, eng compr stroke + W, compr compr stroke 
+ W. fr per stroke 
a 
The usual Ap =Acompr * Aeng is modified by internal ductwork in the 
S.I1.G.M.A. GS34 model 
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D. Dependent variables 


iL. — volume at state 


- 3 
v1 2k — QQ: = 6,99 ft” /Ub 


é. Work required per stroke 


Wi bourmee compr . = kEng « exp Wi compr. exp. -W. fr. per stroke 


k 
= 271.2 Btu/lb air del. 
cycle 
Check; 


W, bounce exp = Wy, eng compr stroke rw compr compr stroke = 


ig es stroke = 
= 1.0.29) + @.D.18) + 0.802 @D 


=211.3 Bty lb air del. 
cycle 
Oo. Compression ratio and ratio of bounce air/compressed air 
delivered 
a. “k bounce =e qT) 6 ae -1) -€1) x BY (9-11) 
Moounce air ™ n-l 718 ESRI 
os o4 , 
= ee Cee =) Btu lb bounce 


air 


A 
© Sy OEnCe (Stroke # clearance)=__> (str #cl). 
pall Ml ‘ole 


(2) ° str = <7 
str ‘ 
cee - xis f= 8.2 rob 
— Tob * ~~ * 8¢ a ey 
vy T cb* CD Feb} 


3.71 < 1b/lb air del. 


b. Moounce air 
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lb 
My air Tb air del 





Wy 
Mp air bb wair 






a 
Ed 
1 a a a 
Cal al 

Je 


3.156 1.4640 | 1.5840 0451 00.08 2il.G 





From table, W bounce = @)= 271.3 BTU/1b air del. 
ae a 5.2155 
M vee . 
bounce air = 5,432 lbs/lb air del. 
= s 2 ( ) 2 
4, Clearance: S., = s = Gl Bec ee 
Tena a) -1 
= 8,13 ins. 
5. Coordinat.. J. the indicator card and the force-stroke diagram 


Tse 2 hom 
Outer Position 


25.65 
20.63 





36 





Coordinates of the indicator card and the force-stroke diagram, (Cont. ) 


ins. from 
Outer Position 


27.4 90.80 20400 


132030 6s 338.2 





OT 





IV. DYNAMICAL ANALYSIS 
a a cal 


oF , 


A, Basic idealizations \ 


ea Chagaeter of fraction force: const. aa reversing 
sign at ve end of each stroke/ 


=trpei GD 


ae 2.48 a 10° /stroke 


Neole x 17S 


2. Resultant force for the first We ins. of stroke movement 
(For both outstroke and instroke) : 
— ik 
y FR. 
m Fol 
cos t Roce 2 


Ro 


= 


~t 
2 


B. Independent variables 
1. Piston length: 2 = 4.08 Coe 
2. Engine piston length: J, = 3.168 foe 


3. Mass density of piston: solid steel ‘ae lbs/ft° 
485 
4, Piston solidity UW = 24.5 yf 


C, Basic relations 


1. FR out = Feng t F ompr ~ Fbounce - Fey 


22 FR in = Foounce “Foompr 7 Peng as 


3, Newton's Second Law in the form; 


1M nn Bs a 2 * 
av, =f F(x) dx = (x) 


4 9 Ore gc \ gas oe obs =f dx where g(x) is de- 
° a Tr ——— — | 
\/ te rf ‘Jy V8) 


fined above 
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D. Dependent variables 


1. Resultant force vs. piston position for out-stroke,. 


Plot Fe . vs. piston position, curve piston force 
ou 


vs. stroke® 


a ; 


Piston Position re 
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| Figure Figure Figure poem @)| 
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D. Dependent variables (Cont.) 
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2. Resultant force vs. piston position for in-stroke. 


Plot Fo seis piston position: curve Piston Force vs. 
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D, Dependent variables (Part 2, Cont.) 
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3. Velocity and time vs. piston position for out 
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4. Velocity and time vs. piston position for in-stroke 





Sica | 0262 «| 1.379 : 
5.08 e226 =| 1.605 | 
4.63 0203 1.808 
433 0187 =| 1.995 ! 
iet eal | 24170 
| 3292 167 | 2.337 : 
L4o5 3677 01.60 | Loot ! 
| 500 3.68 0156 =| 2.693 . 
ao BAS Silom, | Qacee 
6.0 248 0126) | 26970 3 
| 665 3.42 22 32093 
7,0 Dead eee 36205 
Oe 3.33 140 | 3.375 
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4a. Initial and final forces, column e, item D4 


(A) Far = 2{FRoFR)) 
(cos! “R1_) 
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6, Frequency for 1 lb. of air del./cyl.cycle - Piston Mass 
Relationship 
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7. Piston weight 
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Vo OVERALL GAS GENERATOR PERFORMANCE (for 1 1b of air del./cyl. x 
compr. cycle 


A. Basic Idealizations 


1. Equation of state of exhaust gases: 


Perfect Gas with const. specific heat capacities. 
2. Pressure drop between cylinder "blow out" and turbine inlet: 5% 


5. Eng. exhaust gas temp. equal to the average temperature of the 
"blow down" period. 


4, Generator gas delivery temperature: weight average between 
eng. exhaust gas temp. and scavenge gas temp. 


5. Turbine isentropic efficiency: 85% 
B.Independent variables 
1. Net power output: 1138 hp. 


C. Basic relations 


s P5 
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Bois = COLSt y= 
“1 1b air del./cyl x cycle 


2 
5, MD’ Aw, - del/cyl.~ o< shp 


D. Dependent variables 


1. Gas delivery rate: ( for 1 7: of air del. per cylinder per 
cycle 


veh] > | ds ay 


= 20.80 eg/ace. 


co Gas 6_€ a pressure: 
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3. Temperature at state 4' 


Ty: = = Par x vz, = i44 mie De1l9.f,2) x 


mole Xe) 


4, Ratio of min. to max, pressure of "blow-down"; 
Je 


a) le Dale’ = 0.3561 
Pao” Grow 


Oo. Temperature at state Ya) 


k=l 
a =e oe 
Dry = 4? pt, 
(=) ~3) x @ = 903 deg. R 


6. Temperature of engine exhaust gas 
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7. Generator gas delivery temperature 


Tq = Weng x Teng. gas 6! =W 


eng) a. 
- (11.D.14 x © +4 cm. 
= 1416 mi 


8, Available pressure ratio for turbine expansion: 
Pp 2 = 4,38 


Yo Enthalpy and relative pressure function of generator air at 
delivery: 


Hron crim, tor fT. = hg = 347.1 Btu/lb 


ss 44.78 


10, Relative pressure function at exhaust: 


Eeoarres = (Ue 10.21 
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Isentropic temperature and enthalpy of generator air at exhaust 
pressure; 
From G.T. for P. = (0): Texh © = 950 deg. ha. 
Nexh (6) = 228.6 Etu/1b 


Isentropic enthalpy drop: 
he @ - @) = 118.5 Btu/1b 


Isentropic power: 
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(4) Cycls 
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Piston dimensions for actual hp net output: 
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él, Pistom Mass for actual hp net output: 


Mo [1v.D.7) x - 1110 lb 


22. Gas flow rate for actual hp net output: 
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THE FREE PISTON GAS GENERATOR 


APPENDIX B 


INHERENT CHARACTERISTICS OF THE MULTIPLE FREE 


PISTON GAS GENERATOR TURBINE PRIME MOVER 








THE INHERENT CHARACTERISTICS OF THE FREE PISTON 
GAS GENERATOR TURBINE PRIME MOVER 


The subject prime mover has many unique characteristics deserving 
detailed consideration. It was felt the study should be limited to 
consideration of inherent and proven gas generator characteristics in 
comparison with the characteristics of other prime movers. To these 
ends, a table of prime mover characteristics was prepared which was 
amplified by the following discussion. 

EFFICIENCY 

The S.I.G.M.A. GS3$4 Model with an 85 percent efficient turbine 
operated at an efficiency of 54.5 percent, at more than rated load. 
This efficiency allows the machine to be competitive with heavy Diesel 
engines and other prime movers in the medium power ratings. 

EFFICIENCY OVER A WIDE RANGE OF POWERS 

Provided two or more gas generators are incorporated, the subject 
system is efficient over a wide ranze of powers, For although an indie 
vidual gas generator does not have a desirably broad range of efficient 
operation, by proper power combinations of the several machines the 
efficiency of the system may be kept at a desirable level. Paralling 


the gas generators is not difficult and results in little additional 


C 
weight » 
& C 
Enclosed, Page 62 Bichelberg (3) 
Appendix A 
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COMPARISON OF CHARACTERISTICS OF PRIME MOVERS 
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COMPARISON OF CHARACTERISTICS OF PRIME MOVERS (Cont.) 
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SPECIFIC WEIGHT 

It has been pointed out that the S.1.G.M.A. GS34 model had a 
specific weight of twenty-eight pounds per horsepower. This machine 
was designed for stationary power applications, and no efforts were 
taken to lighten the machine. Thus in comparison with other prime 
movers of similar purpose the specific weight is very low, further, 
S.1.G.M.A. is now developing a truck engine to have a specific weight 
of five pounds per horsepower. 

LACK OF VIBRATION 

The subject device is vibrationless since the two main moving 
parts of the machine are limited to simple motions and are linked and 
balanced inherently. In consequence the vibration characteristics of 
the system will depend on the characteristics of the turbine, the drive 
tear and the driven unit. 

The lack of vibration of free piston machinery is spectacularly 
demonstrated when a coin on edge is balanced easily on a loosely mounted 
unit under full load, 

WARM=UP CHARACTERISTICS 

The subject machine has an unavoidably short warm-up period. The 
characteristically high idling fuel consumption rate results in the 
machine being brought to normal operating temperature rapidly. High 
fuel rates are required since the fuel rate determines piston stroke 


length, and the stroke must be long enough to expose both cylinder parts. 


Amichelberg (3) 
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FOUNDATION REQUIREMENTS 

Since the gas generator transmits no system forces or moments to 
its foundation, develops no vibrations, is light and transfers no come- 
plex thermally developed forces, the unit may have a light and simple 
bed. The associated turbine need not have a foundation in common or 
even in proximity to the gas generators. 
FUEL UNIT COST 

The subject system operates on Diesel type fuels of i or usual 
cetane ratings. This type fuel is not hazardous and is commonly avail- 
able. 
COMPACTNESS 

The subject prime mover is compact, encompassing about one quarter 
the volume of a comparable Diesel engine in the case of the S.I.G.M.A. 
GS34 model. 
CRITICAL MATERIALS 

The gas ee presently requires little critical matériaad in 
its manufacture, Since the associated turbine is not subjected to high 
temperatures and pressures, common steels are satisfactory in its cone- 
struction also. However, when machines of higher capacities and effice 
iencies are developed, high alloy or special steels may well be required 
to some intent, 
INITIAL COST 

The initial cost of the gas generator is low, consistent with the 
simplicity and ease of manufacture and the low cost cost of construction 
materials. The cost of the associated turbine is less modest, but with 


the present moderate specifications its cost is not prohibitive. 
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BFFORT, TOOLS AND SKILL IN MANUFACTURE 

Section plans of a gas generator™ show the relative sizplicity of 
the unit. Machine tools required to manufacture the machine are ata 
minimum; common foundry facilities and techniques are sufficient. Al- 
though fuel system components require special facilities and skills 
for manufacture, such are available in the industrial areas. 
DEVELOPMENT POSSIBILITIES 

The gas generator system is in the infancy of its development yet 
present models are competitive with prime movers of advanced desipn, 
the products of many years of research, It may be concluded that the 
gas generator svstem will be subjected to wide application in the industry, 
subsequent to its indicated development. 
TORQUE CHARACTERISTICS 

The subject system develops a desirably high locked shaft torque. 
In a manner depending on the turbine characteristics, developed torque 
drops with increased shaft speed until no load speed is reached where 
net torque is zero. However, a turbine is a unidirectional low friction 
device and cannot produce effective braking or reversing torques, Also, 
a turbine is most compact and efficient when designed for and operated 
at low torques and high speeds. But many applications call for low 
speeds, high torques, and braking or reversing torques. In consequence, 
the subject system will not usually require clutching and transmission 
mechanisms but depending on the application, may require reduction gear-= 


ing or & reversing turbine, 


a 
Appendix A 
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GAS FLOW RATE 

The subject system is characterized by high flow rates of air. The 
exhaust is at an elevated temperature. Because of the considerable ex= 
cess air and high gas temperature, no smoke or carbon monoxide is 
normally present in the exhaust. 
STARTING CHARACTERISTICS 

Compression temperatures are characteristically high. Cold starting 
conditions are not a problem. Since one stroke of the piston assembly 
is required to achieve injection and the unit has little friction, a 
minimum of power is required of the starting system. Compressed air, 
electrical or spring starting systems are practical and have been 
used successfully. 
ENGINE LIFE 

The gas generator's engine life is relatively short. Rings, liners 
and pistons wear rapidly when exposed to high engine temperatures and 
pressures, and low temperatures and pressures result in low system 
capacity and efficiency. Thus, despite any possible ingenuity in dee 
sign, it would seem reasonable to suppose that the engine components 
will never be characterized by long liffe except at the cost of possible 
efficiency or capacity. 

However, the Pescara type machine is characterized by a basic 
simplicity allowing rapid and inexpensive maintenance, In an accep= 
tance test of a 1000 horsepower machine one piston was removed in less 


than forty-five minutes for example, 


a 
Reported by S.I.G.M.A. 


65 





THE FREE PISTON GAS GENERATOR 


APPENDIX C 
THE INDICATED APPLICATIONS 
OF THE 


FREE PISTON GAS GENERATOR-TURBINE PRIME MOVER 
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TRANSPOR TATION 


AIRCRAFT 

From consideration of the specific weizht of present models of 
gas generators, it is apparant that this new prime mover cannot shortly 
compete with conventional engines. In addition, the allowable shape and 
size of an aircraft prime mover is necessarily limited, and dependability 
is a primary consideration. Thus extensive research of a specialized 
nature would be necessary before the gas generator could be considered 
for powering aircraft. 

LARGE SHIPS 

Forced draft blowers can be powered by gas generator turbine systems, 
and the turbine exhausts fed to the furnaces. This is to an advantage 
since there is considerable oxygen still available in these high temp- 
erature gases. As appropriate, part of the intake air can be taken from 
the working spaces to aid in ventilation and cooling. 

Occasionally steam pressure is not available or is lost through 
casualty. An independent source of forced draft blower power greatly 
facilitates establishment of normal boiler service. Otherwise the pro- 
cedure is slow and hazardous. 

SMALL SHIPS 

Vessels too small to use steam power may have the advantage of both 
steam and Diesel drives by using the turbine multiple gas generator sys-= 
tem. If so powered, low and high speeds may be achieved dependably and 
efficiently. In contrast, Diesel drives are characterized by poor per-= 


formance at low propellor speeds. 
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The flexibility of the turbine-multiple gas generator system is 
desirable, Removal, repair, or casualty to one gas generator need not 
prevent control of all screws, but merely limit possible power output. 
Because of water tight integrity and stability requirements, the flex- 
ibility possible in locating the desirably small gas generators is an 
advantage. The location of propellor shafts need effect only the place~ 
ment of turbines and any reduction gearing. 

HEAVY VEHICLES 

There is promise for gas generator turbine heavy vehicle drives. 
The more complex the usual drive transmission system required, the more 
likely a gas generator turbine system will be more suitable, Vehicles 
that have multiple engine functions such as fire trucks, crane trucks, 
and the like, can gain additionally by a gas generator turbine drive. 

A turbine can be provided for propulsion and a turbine for each auxile- 
iary job, both served by the same gas penerators. Thus ina fire truck 
pumper, by simple valving, the main gas generators can provide power for 
both water pump and truck propulsion, eliminating the extra engines or 
extensive transmission and clutching systems necessary in conventional 
installations. 

In special purpose heavy military vehicles there is promise for the 
gas turbine system. Ina tread vehicle, each tread could be powered by 
its own turbine so that vehicle control would be a matter of selective 
gas valving rather than the conventional heavy and complex drive mechan-~ 
isms. Of particular interest are the high starting torques inherent in 


the subject system and the low fire hazard of heavy fuels. 
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The gas generator system is readily prepared for amphibious or 
underwater service. The few outer case joints, few shaft seals, few 
vents, and the auto ignition feature make this modification less diffi- 
cult than in conventional drives. 

Experimental trucks have been built in this country powered by 
simple gas turbines. Despite the poor economy, this installation was 
tated Sa trip times could be decreased materially. More fuel can 
be Saried, decreasing the number of fuel stops. This installation 
also results in time saving in traffic and mountainous terrain because 
of high accelerating torques, high braking torques, and elixination of 
gear shifting. 

If the simple gas turbine is considered to be practical despite its 
poor economy, then the turbine multipls gas generator system should be 
ideal, since its efficiency is that of the Diesel engine drive and 
otherwise it has the advantages of the gas turbine drive. 

In France an eighteen ton truck is being designed . use two new 
type S.1.G.M.A. 120 horsepower 550 pound gas generators , Thus "it ise 
apparent that the advantages of the gas generator drive are exciting 
practical interest in the trucking industry. 

AUTOMOBILES 
The characteristics of the gas generator are such that an auto-~ 


mobile could be advantageously powered by a gas generator turbine 


system. 


a 
Reported by the manufacturer 
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However, the mass production cheapness, the fine performance, and the 
industry's investment in present engines will always result in a minimum 
of demand for a different automobile power plant, despite any advantages 
of Anvalwernace drive. 

SUBMARINES 

The gas generator turbine system is suited for submarine main drives. 
But one critical disadvantage is the increased size of intake and exhaust 
ducts necessary over conventional drives. - 

STATIONARY APPLICATIONS 

The subject system is suitable for many medium power applications 
throughout the industry. S.1.G.M.A. has installed gas generators for 
powering electrical plants of modest capacity, and the Cooper-Bessemer 
Company is developing gas line préssure booster plants incorporating gas 
generator drives. 

In addition, many power plants have steam systems not in optimum 
balance for one reason or another, and the appropriate use of gas genere 
ators for powering station auxiliaries can often result ina bettering 
of over all effeciencies at a modest investment. 

PORTABLE POWER PLANTS 

The gas generator system is small, light and flexible in arrangement, 
and is thus suitable for portable power plants. Of interest are emergency 
and military applications. The turbine and driven unit may be mounted 
on a trailer. The gas generators may be mounted in an associated tractor 
alternately as a source of power for the turbine and propulsion for the 


trailer. 


TO 





Provided other special pu‘pose trucks associated with the same activity 
are powered by gas generators an extreme flexibility is possible, 

for idle trucks may have their gas generator discharges coupled to any 
power turb nes by portable piping sections. Thus the effects of loss 
and damage of particular gas generators are minimized and the power 
turbine may be operated at a load exceeiing the cavacity of its trector 


units alone, 


fen 





APPENDIX D 
THE FREE PISTON GAS GENERATOR 
THERMODYNAMIC-DYNAMIC ANALYSIS 


AND 


* 
AFFINITY RELATIONS 


* 
Bxcerps from Oppenheim and London (1) 
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FREE-PISTON TEERMODYNAMIC-DYNAMIC ANALYSIS 


INTRODUCTION 

Figure l-I illustrates schematically the spring-mass nature of 
the free-=piston system. The frequency is determined by the mass of 
a piston assembly, M, and the character of the non-linear "gas- 
springs". For linear sprit which can be characterized by a spring 
constant, k, equal to the force per unit displacement, the natural 


frequency, as determined by elementary theory of vibrations, is 


re | 
n~ 2y7\| M 


However, because of the non-linear character of the free-piston sys- 
tem gas springs, no such simple equation can be used and the speed of 
Operation must be determined from the differential equation of motion 
by successive graphical or numerical integrations. 

Not only is the speed a dependent variable, but the stroke of 
the system and hence the engine compression ration and compressor 
cylinder clearance volumes are also variables dependent on the load 
condition®. These factors account for the difficulty of analysis of 
the free-piston system relative to the conventional crank engine. 

The conventional crank mechanism allows the designer to make the para- 
meters of speed and stroke independent variables directly under his 
control, Further, these parameters for the engine and compressor may 
be selected independently. The greater number of independent vari- 
ables reduces the number of dependent variables, and it is axiomatic 
therefore that the difficulty of analysis is substantially reduced for 


the crank engine-compressor system. 
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The oOgective of this tection 18 to outline. in detail £éhe thérmo- 
dynamic -dynamic design procedure for a free-piston system. This will 
be accomplished by completely defining a design problem so as to make 
the discussion as specific as possible. The parameters will be classi- 
fied into dependent and independent variables. Idealizations necessary 
for the analysis will be specified. Then the basic relations defining 
the restraints on the system will be presented. This information 
provides the necessary backgroundfor the outline of the analytical pro- 
cedure. 

THE DESIGN PROBLEM 
The general design problem can be simply stated as follows: 
It is required to determine the arrangement, dimensions 
and operating characteristics of a gas generator having 
sufficient capacity for the operation of a turbine of a 
given power output. 
The solution of such a problem requires, respectively: 
(1) Determination of the plant layout 
(2) Thermodynamic-dynamic analysis 
(3) Machine design analysis 

The first step consists of selecting the most convenient arrange- 
ment of the engine-compressor combination out of several possibilities. 
The action of a free-piston engine, as it was pointed out in the 
introduction, depends on the storage of a part of the energy from the 
engine expansion stroke, which, subsequently, is utilized for engine 


compression in the next stroke. This action is referred to as ths 
p 
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bounce action, and it can be provided in a number of different ways. 
Excluding the possibility of utilizing a metal spring for this pur- 
pose, as presenting too great demands on theelastic properties of the 
metal, the bounce action can be provided by “gas springs", utilizing 
the expansion stroke of the compressor, as done, for example, in the 
Junkers free-piston compressor, or by vpslae 6 special bounce cylinder. 
The latter solution is more‘convenient for the free-piston gas gener- 
ator since the bounce cylinders help to maintain more stable operating 
conditions for the engine, result in a more flexible performance of 
the unit, offer additional means for synchronization of the pistons, 
and also can be utilized to provide a suitable phase adjustment of a 
number of units, should it be desired to operate two or more gener- 
ators in parallel to supply gas for one turbine. All these features 
have been taken advantage of by Pescara and are described in Hichel- 
berg's report™ on the development of Pescara free-piston gas generators. 
As to the arrangement of the bounce evlinder with respect to the 
compressor and engine cylinders, there are again several possibilities. 
The unit can be made symmetrical or assymmetrical, each with a variety 
of arrangements. The compression can be performed in one or in several 
stages, the bounce cylinders ean i) atmospheric oH ore Prunizo4: Stc. 
The basic symmetrical ar angements are discussed by Hichelberg. They 
include the cases of double or single acting compressors and different 


cylinder locations. 


a 
Eichelberg (3) 
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The most convenient arrangement is that of a single acting compressor 
and bounce cylinders situated on the outside and the reasons for it, 
as pointed out by Eichelberg, are as follows: 

(a) The unit becomes shorter than for any other case. 

(b) The bounce cylinders can have a large cross- 
sectional area requiring, consequently, a compar- 
atively low pressure. 

(c) The bounce cylinder supplies a high return force at 
the same time when the compressor and the engine offer 
the lowest resistance, both being at the beginning of 
compression. The result is a high acceleration of 
piston return stroke and subsequently, an increase of 
the cycle frequency. 

(d) Easier access to engin pistons than that of any other 
arrangement. 

This arrangement has been selected also in this report for the sol- 
ution of the problem primarily because of its simplicity so that the 
method of solution, represented here, will be as clear as possible. 

The second step in the design, namely, the thermodynamic-dynamisc 
analysis of the system, forms the main objective of this report, and 
it is dealt with here in detail. 

The most important results of this step are numerical magnitudes 
for the following: 

(a) Thermodynamic state (pressure and temperature) of the 


generated gas. 
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(b) Generated gas flow rate. 

(c) Bores and lengths of all the cylinders. 
(d) Cycle frequency. 

(e) Fuel flow rate (and air flow rate). 

(f) Thermal efficiency (and fuel economy). 

This step of the design procedure should also include the pre- 
diction of part load characteristics for the generator and the system. 
However, in this report only the full load characteristics are con- 
sidered. 

The machine design analysis would consist of all the usual design 
considerations which would determine eventually the detailed construction 
of the unit, its dimensions and materials, and also the details of the 
fuel injection and lubrication systems. Provision must also be made 
to synchronize the motion of the opposed piston assemblies, All 
these machine design considerations are outside the scope of this re=- 
port.. The only geometrical'information needed for the dynamic analysis 
as independent variables are the “nominal” stroke, the piston length, 
and the piston average bulk density. 

Only a tentative specification of the magnitude of these para- 
meters is necessary for the second design step, since, once the solution 
of this step is obtained, it can be easily transformed to fit any other 
magnitudes of the stroke, the length, and the bulk average density of 
the piston assembly by the use of affinity relationships. 


The design problem dealt with in this report can now be stated 


more specifically as follows: 


te 





Determine the full load operating characteristics and the 
cylinder bores of a symmetrical, one-stage, direct bounce, 
free-piston gas generator having sufficient capacity for 
he operation of Be@eziven turbine. 
INDEPENDENT VARIABLES 
The problem, as stated above, is still incompletely defined 
since the analysis depends on the magnitude of several as not yet 
specified independent variables and idealizations. 
The independent variables for the thermodynamic-dynamic analysis 
of the free-piston generator-turbine system are as follows: 
A, SYSTEM 
(1) Net power output 
(2) Stroke length cormon to all pistons 
(3) Piston length - including length of engine piston 
(4) Piston average bulk density 
B, COMPRESSOR 
(1) Pressure ratio 
(2) Clearance 
(3) Air-intake state 
C. ENGINE 
(1) Fuel-air ratio 
(2) “Effective' stroke 
(3) Compression ratio 


(4) Lower heating value of fuel 
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D. BOUNCE CYLINDER 

(1) Pressure and Temperature level (i.e., state at beginning 
of compression) 

(2) Piston area relative to compressor area 

It can be seen that only the "SYSTEM" independent variables from the 
above list have been specified heretofore. 

The difference between the above listing and the specifications 
necessary for the analysis of a crank system are as follows: 

(a) Stroke lengths can be selected independently for engine 
and for compressor. 

(b) Piston length and bulk average density do not affest 
the analysis. 

(c) Bounce cylinders are not used. 

(d) Engine speed and compressor speed are independent vari- 
ables and can be selected independently of each others 
whereas, for the free=-piston system, these parameters 
form a single dependent variable, the engine and the 
compressor operating at the same speed as determined 
by the dynamic, "“springmass" characteristics of the 
system. 

BASIC ASSUMPTIONS 
Many idealizations must be made to accomplish the analysis. 
These are as follows: 
(1) Nature of working substances e.g., air and perfect gas 


behavior. 


18) 





(2) Friction force (or friction work) as a function of stroke 
(3) Details of engine cycles e.g., its relationship to an 
Otto cycle 
(4) Character of the change of state in flow through the 
scavenge chamber 
(5) Character of component processes; €.8., magnitudes of 
the polytropic exponents. 
(6) Valve pressure drop allowance 
(7) Leakage allowance 
(8) Degree of internal reversibility of the bouncs cylinder 
processes 
(9) Character of the engine “blow-down" process and its in- 
fluence on the engine exhaust gas temperature 
(10) Relationship between the gas delivery temperature, the 
engine exhaust gas temperature, and the scavenge gas 
temperature 
(11) Turbine isentropic efficiency 
Of the above, assumptions 2, 8, 9, 10, and 11 are not nesded for 


the crank system. Instead of assumptions 2, 9, and 10, oniy estimates 


$ 
of the final effections of friction and of exhaust gas temperature on 
the energy balance are of some importance. Assumptions 8 and ll, ree 
ferring to the action of bounce cylinders and of the turbine respectively, 


are not needed simply because neither of these is included in the crank 


sys tem. 


80 





As far as the necessary estimate of the friction force and valve 
pressure drop is concerned, it does not affect the solution signific- 
antly and, consequently, the assumption of these quantities need not 
be made with great accuracy. 

BASIC RELATIONS 

The system is constrained by basic physical laws, the applicatiOn 
of which to the present problem is referred to as "BASIC RELATIONS". 
Theyare as follows: 

(1) Equation of state; 
Here the idealization is made that the engiae and 
compressor working substances are perfect gases, 
and for any particular processes the specific heats 


c. ande are constant. Thus PV = R 
p Vv ca 


a 


kel 


and c 


= oa 
ol 


< 
yy 
= 


= 
Cy 





(2) Work balance: 


Wk = Wk eo Wk 
engine bounce cyl. compressor 
exp stroke compr stroke exp. stroke 
} 
frietion 


per stroke 


18 


Wk Wk ilk 
bounce cyl. engine compressor 
S 


exp. stroke compr stroke 


4 Wk 
a. Sr iction. per 
stroke 
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Wk = Wk Wik 
engine compressor irae lou 
cycle cycle per cycle 


(3) Newton's Second Law amy be stated in the form 


F(x) - —M_ a(v.)* 
R 22 x 
x 


a = 
then V = 


2 B(x) dx 7 B( ) 


og 
M 


x 
where ¢(x) is defined as/ F(x) dx, and resultant 
O 


force B(x) may be evaluated from 


F(x) an tF = r 
i out-stroke eee. CN cponnee Fer 
FR (x) = 7 - F ean, 
in-stroke bounce compr « eng « Yr 


From the definition Ne - adx/a3, it follows that 
x 

Tix) =f* 9 

0 Vx 


Then introducing Vas a funtion of é (x) from equation 


(5) 
Jo) f° A 
Nee ° J ¢ &) 

g 


For computational convenience and accuracy, the time 





increment at the start of each stroke, where Ne is that 
of a small magnitude, was calculated from: 


M i 
x, 8 Se xl - al 4 eae 


M Fa Fa 
\ - 


where (x,) is definnd as (F.) (xx, ) 


-F 


+F 
Euiaeice Mceeone e 5 
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on. 


While the foregoing method for evaluating Jo-x, was used in the 
calculations reported here, Appendix 2 of this section describes a 
more accurate procedure. This method assumes a linear F(X) reletion 
for the terminal stroke increments instead of a constant F,. the 
recormended procedure yields predicted frequencies of the order of 
two percent higher than those calculated in this section. 

(4) The principle of conservation of energy as applied to 
the exhaust blow-down was used to evaluate the averaze 


exhaust gas temperature, The result is as follows: 


x P 
"ays Sas — i 7 (1) = 


4° 
where 4° and 5 denote states of exhaust gases within 
the engine cylinder at the beginning and the end of the 
"pblow-down”" period respectively. 

(5) The various criteria of similarity were used to estabe 
lish affinity relationships. The application of these 
to the solution of the present problem is as follows: 

For constant piston length, @; piston bulk average 
erent stroke, s, and shaft horsepower, 
f = constant 


and mer Scw (air_del )-cshp 
cyl, cycle 
These are used to extrapolate the thermodynamic = 


dynamic design calculations, based on the delivery 


of one pound of air per cylinder cycle, to the system 
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dimensions required for a specified power gas delivery 
rate. This delivery rate in turn is determined by the 
net turbine power desired, the turbine isentropic 
efficiency, and the gas generator delivery pressure and 
temperature. 

An overall energy balance on the power gas generator is not 
used directly in the analysis. It serves therefore as a useful 
check on the validity of the idealizations, yielding such infor- 
mation as the heat transfer to the engine coolant. 

ANALYTICAL PROCEDURE 

The general procedure employed follows. The thermodynamic 
analysis is, as a matter of comvenience, based on one 1b. of air 
delivery per cycle for each of the two compressor cylinders acting 
in parallel. Then, still on this unit basis, the times for the out 
and in-strokes are determined, and the system natural frequency of 
operation is established. Gas generator outlet temperature and 
pressure are known from the thermodynamic analysis; therefore, the 
necessary delivery flow rate can be determined. ‘ith the known 
frequency of operation and the affinity relations, the cylinder di- 
mensions for the one 1b, of air per cyl. cycle delivery can be scaled 
down to the required flow rate. 

“The design calculations are thus subdivided into the following 
sections. 

I, Compressor Characteristics (for 1 lb of air del/cyi. cycle) 


II, Engine Characteristics (for 1 lb. of air del/cyl cycle) 
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III, Bounce cylinder Characteristics (for 1 lb of air del/cyl cycle) 
IV. Dynamic Analysis (for 1 lb. of air del/cyl. cycle) 
V. Overall Gas Generator Performance and cylinder dimensions for 
the required 1000 shp turbine output. 
Rach section consists of the following subdivisions. 
A. puete Idealizations 
B. Independent Variables - numerical values 
C. Basic Relations 
D. Dependent Variables - numerical values 
The formulae for the determination of each quantity are quoted, 
and the source of the corresponding numerical values is indicaied by 
numbers in circles. Use is made of the notations of the sections by 
Roman Numerals and subsections by capital letters as indicated above, 
For Example, II D. 14 means: item 14 of Dependent Variables (D) of 


Engine Characteristics (II). 
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AFFINITY RELATIONS 

By use of the affinity relationships, design results can be 
extrapolated for the prediction of cylinder sizes and operating fre- 
quency for an shp output maintaining the same thermodynamic idealizations 
and operating conditions, 

Constant operating conditions are as follows; 

1. State of air at the start of the compression process in the 

compressor, engine, and bounce cylinders, 

2. Compressor pressure ratio 

oO. Engine compression ratio 

4, Bounce cylinder eompression ratio 

5, Air-fuel ratio 

These conditions will fix the following factors: 

1. Ratio of engine bore to cylinder bore. 

2. Ratio of engine air (fuel delivered and gas generated) to 

compressor air 

5. Efficiency and fuel economy 

The independent variables are: 

Piston Diameter, D (The ratio of engine to compressor piston 

diameter is fixed as a result of maintaining the above oper= 

ating conditions constant for the extrapolation, see Appendix 

1-1) 

2. Piston Mass, M 

0, Stroke, S* 


* 
Proportional to clearance anc engine port distances in order to main- 
tain contant operating conditions 
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Since Piston mass: 

ucD* Lp, 

In stead of piston mass there can be taken, as independent varie 
ables: 

2a. Piston length f and 
eb. Piston bulk average density of the piston assembly. 

The independence between the piston length, 1, and the stroke 
length, s, is, to a certain extent, limited by the geometry of the 
engine. If stroke changes are small the piston length may remain 
unchanged, but if the stroke length is increased beyond a certain lim- 
it the piston length has to be increased also in order to provide 
enough space for the necessary piston assembly synchronizing mechan- 
ism. 

Thus two groups of affinity relationships are derived. The first 
group corresponds to independent variations of the stroke and the 
piston length, and the second group refers to the stroke being changed 
proportionally to the piston length. 

STROKE INDEPENDENT OF PISTON LENGTH 

Since for the postulated constant thermodynamic operating 

conditions, pressures will remain the same, the resultant force on 


piston assembly 
2 


FXD 
Thus, taking into account equation (1), the piston acceleration 


“2 
D 


a = 


S| 


a-41H!I 


i 
Ap 
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Piston velocity will then be (See Part I equation (5-1) p. 66 


vi \efaax of Vi Ap Tele 1 





Tor * Se 
Consequently, the operating frequency will have the following varia-= 


tion (see Part I equation (6-1)); 





D 
: 1 = = 
ol = ol rae 2 \ Ms A Sate 3a = II 
V 
At constant thermodynamic operating conditions the flow per cyck 


is proportional to dieplacement, consequently 


2 
Ww Ww Ds 4a - II 
air delivered a fuel Aaleerea ce 
per cycle per cycle 
Since the thermodynamic state of generated gas remains unchansed, 
the generator output: 
Ww Ld f 
hp of gas XH air delivered r 
per cycle 


and by equations (3a) and (4a), 
WwW 
hp “eas fuel of D° \E4 € n° |_8 5a ~ II 
Ni 2 p 


The overall dimensions of the gas generator are mainly dependent 


on the piston size. Thus, approximately, the mass of the system: 


M 2 
overall ne ” Io overall 
where? | all is the bulk average density of the complete systen, 


and the overall generator massper unit output: 


M overall p overall M 3/2 4 tr 
a cr an \ KL overall . 


6a = II 
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STROKE PROPORTIONAL TO PISTON LENGTH 

For the case of stroke proportional to piston length the affinity 
relationships for piston acceleration, (la), and for the mass of air 
delivered per cycle (4a) remain unchanged. The effinity relation- 
ships for piston velo-ity, operating frequency, hp output and overall 


unit specific mass simplify, respectively, to the following; 


l 2b = II 
‘Ap 1 
Ly ee es 
6 UCP 


hp of NP 





and 


Th overall 7 bLooverallVlo of 2 overall 6b - II 
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